The detected signal-to-noise power ratio is evaluated for fiber links with periodic amplification. It is shown that the highest ratio is achieved in the limit of a distributed amplifier (g = a), but that, alternatively, periodic amplification at intervals of a-1 entails a penalty of less than 2 dB compared with the (ideal) distributed case.
In recent years there has been a major effort in the field of optical amplification along fiber links.1-6 This effort is spurred mostly by the push to avoid the need for conventional electronic repeaters along the fiber. In this Letter the problem of periodic amplification along a fiber link is considered, and it is shown that the ideal limit is reached in a distributed amplifier in which uniform gain is provided the whole length of the fiber such that the signal power remains constant along the link.
Consider a single optical fiber carrying an optical signal with power S(z), where z is the distance measured from the beginning of the fiber. If the fiber attenuation constant is a(m'1), the signal power varies as S(z) = So exp(-az) so that the detected signal mean-squared current is (i 2 
*where e is the electronic charge and an optical modulation index of m = 1 and a unity detector quantum efficiency are assumed. The shot noise at the output of the detector is given by
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where Av is the detector, and information, bandwidth. The electronic signal-to-noise (SNR) power ratio is given by
It follows from Eq. (3) that the SNR decreases as exp(-caz), i.e., a number of decibels equal to that of the fiber loss. In addition to the degradation of the SNR, the attenuated signal may give rise to a situation in which the shot-noise current at the input to the receiver may become comparable with or smaller than the effective input noise current of the receiver, thus causing further degradation in the SNR at the output of the receiver. This latter problem can be combated by a heterodyne receiver or by employing optical amplification. In the following a number of cases for optical amplification are considered, and expressions for the resulting SNR of the detected electronic signal are derived.
Consider an optical in-line amplifier as shown in Fig. 1 . The input signal power is SO, and it enters the amplifier in a single transverse (usually the fundamental) fiber mode. The amplified output signal is GSO, while F 0 represents the (optical) amplified spontaneous emission (ASE) power at the output that is generated within the amplifier in a band Av centered on the optical signal frequency. This noise power is given (4) where A = N 2 -N 1 (g 2 /g 1 ) is the inversion factor of the amplifier.
The SNR power ratio at the input to the amplifier is given according to Eqs. (1) 
In addition, we need to consider two new sources of output noise current. The first is the current due to beating at the detector between the signal optical frequencies and the ASE frequencies, originating in the amplifier, which are separated by the rf modulation frequency. Such beating produces output noise cur- rent components in the same frequency range as that of the signal current. The mean-squared value of this noise current is derivable in a straightforward manner by a method identical to that used to derive the beat current in a heterodyne detector. The result is 4 
The second noise current is due to the beating of ASE frequencies against themselves. This noise, which is proportional to Fo 2 , can be shown to be negligible if the signal power S(z) is not allowed to drop too far. The shot noise due to the ASE has been neglected, which is justified when So >> Fo. The SNR at the output of the amplifier is thus (GSoej2
where a 100% detector quantum efficiency is assumed. For large gain, G >> 1, the second term in the denominator of Eq. (9) dominates, and
The ratio of the input SNR to the output SNR is thus SNRout which in an ideal four-level (N 1 = 0, , = 1) amplifier is equal to 2. The single high-gain optical amplifier with pure shot-noise-limited input optical power will thus degrade the SNR of the detected output by a factor with a lower bound (when At = 1) of 3 dB. We recall that this degradation is tolerated only in order to save the signal from the far worse fate of succumbing, in its attenuated state, to the receiver noise. In a very long (100 km < I < 5000 km) fiber link we need to amplify the signal a number of times. In what follows, a formalism is developed for systematically treating cascades of amplifiers.
A generalization of Eq. (9) for the SNR of the detected signal at an arbitrary point z along the link is (14) where, because of the high signal and ASE levels, the thermal receiver noise is neglected. When G >> 1, we find a z-1 (more exactly an n-1 ) dependence of the SNR rather than the exp(-az) behavior predicted by Eq. (3) for a fiber without amplification. The physical reason for this difference is that the repeated amplification keeps the signal level, as well as the level of the signal-ASE beat noise, high. The latter is kept well above the signal shot noise. A fixed amount of beat noise power is thus added at each stage.
Equation (14) suggests that the SNR at z can be improved by reducing zo, i.e., using smaller intervals between the amplifiers and reducing the gain G = exp(azo) of each. Although one can take the limit of Eq. (14) as zo -0, it is interesting to consider this case ab initio. In this limit a case is reached in which the whole length of the fiber acts as a distributed amplifier with a gain constantg = a, just enough to maintain the signal at a constant value. Since S(z) is a constant, we need only evaluate the ASE optical power F(z) in order to obtain an expression for the SNR at z. Let us consider a differential length dz. It may be viewed as an amplifier with a gain of exp(gdz) so that its contribution to F(z) is given by Eq. (4) There exist other noise mechanisms in fiber systems that were not addressed here. Most of these, such as phase-to-amplitude noise conversion due to Rayleigh scattering in fibers, 8 ' 9 can be controlled by a variety of means and are deemed nonfundamental.
In conclusion, the problem of cascade amplification has been considered, and it is found that the ideal performance limit is obtained in the case of a uniform distributed fiber amplifier with g = a.
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